Anaerobic co-digestion plant with biodegradable organic feedstock separated from municipal solid waste (MSW) have become a mature technology in past decade. The biogas produced can be upgraded to bio-methane or used in heat and power applications. However, not all the municipal waste fractions such as ligno-cellulose and green waste, are suitable for biodegradation. In this work, the non-biodegradable organic waste named as green waste is investigated as a potential substrate for a bio refinery concept based on combination of pyrolysis and anaerobic digestion. The main aim of the study was to evaluate whether or not the anaerobic digestion and pyrolysis process coupling could be beneficial from an energy and exergy point of view. The simulation results shows that the integration of pyrolysis process gives approximately 59% overall efficiency as compared to the 52% for anaerobic digestion stand-alone process. The results also revealed that the pyrolysis of green waste is more beneficial than green waste incineration for heat and power production.
Introduction
The concept of integrating different biomass conversion technologies for numerous applications such as production of heat, power and/or different fuels is gaining much attention with possible benefits of high overall energy efficiency and production of fuels. Production of bio methane in anaerobic digestion processes is considered as a mature technology. However, more knowledge is still needed for the better utilization of different fractions of waste and to overcome inhibitions and process instability in order to increase the final methane yield. A large portion of municipal solid waste contains lingo-cellulose material, which is recalcitrant to bioconversion and requires pre-treatment in order to facilitate the biodegradation of lignin rich material [1] . Options for the utilization of non-biodegradable waste includes incineration for heat and power production or other thermochemical conversion to multiple products, such as pyrolysis or gasification [2] , [3] . Integration and coupling of the biological anaerobic digestion and a thermochemical process such as pyrolysis offers an alternate approach with not only the possibility of high overall energy efficiency but also the possibility of using different pyrolysis products in the digester to enhance the bio methane production [4] .
The state of the art pyrolysis technology converts the lingo-cellulose biomass in the absence of oxygen at atmospheric pressure with temperatures of approximately at 450-550 o C. Fast pyrolysis normally yields the mixture of products in all phases with approximately 75 % bio oil and water, 13 % non-condensable gases (mostly CO and CO2), and 12 % bio char. The final yield and properties of pyrolysis products depends on various factors such as feed composition, moisture content, heating rate and residence time [5] . Biochar obtained from pyrolysis added to the digester can increase the production of biogas from 5% -31% as investigated and reported in [6] [7] [8] . It is found from reviewed literature that addition of biochar shortened the lag phase, minimized the ammonia inhibition by acting as adsorbent, and possessed the alkaline behaviour which can be used to increase the methane content in biogas by enabling the in situ upgrading of biogas [9] .
So far the research for the integration of pyrolysis and anaerobic digestion is limited to experimental investigations in various ways and very little attention is given to the modelling and simulation of the whole pyrolysis and anaerobic digestion integration approach to check the process feasibility in terms of energy and exergy efficiency. In this work the concept with integration of anaerobic digestion, pyrolysis and combined heat and power (CHP), where the biochar obtained from pyrolysis is added in the digester, is modelled and simulated to investigate the potential benefits in terms of bio methane increase and excess heat, power and fuel.
Methodology

Process overview and integration concept
In this study the combustible waste named as green waste, which is not suitable for biodegradation in biogas plant, is used as the raw material to produce electricity, heat, and fuel in a pyrolysis process. The basic layout for the pyrolysis process is designed from the available data found in [12] [13] [14] . The conceptual process flow diagrams with integration of the anaerobic digestion and the pyrolysis processes are shown in Fig 1 and 2 . The mass and energy balance for the process with the addition of 5% biochar, from the pyrolysis process, in the digester are simulated. The electricity and heat consumption for the biogas plant is taken from real plant data in 2009 [13] [14] .
Real biogas plant data has been used in this study for anaerobic digestion process. The anaerobic digestion plant description and feed data has been adapted from a wet anaerobic digestion biogas plant in Västerås, Sweden, utilizing source separated organic waste along with industrial grease, and liquid waste and ley crop silage as substrate to the plant produce approximately 15000 MWh biogas per year. A significant amount (about 25%-35% or 10000 tonnes per year in this biogas plant) of waste not suitable for digestion is sent for incineration for heat and power production, [13] . 
Process modelling and simulation
The green waste pyrolysis with steam recovery, and anaerobic digestion is simulated by using the simulation tool Aspen Plus ® with steady state conditions [15] . The pyrolysis of green waste has been modelled on the basis of reaction kinetics adopted from [16] and simulations for the mass and energy balance has been performed. The process scheme for anaerobic digestion model is taken from Växtraft biogas plant and simulated with actual plant conditions. The amount of methane was estimated through the following expression [17] . Where carbohydrates, protein and lipids are in percentage of source separated organic waste. The properties used for green and organic waste, key input and assumption data are described in Table 1 and Table 2 . Three different cases has been simulated for the heat production to fulfil the pyrolysis heat requirements: Case I with combustion of syngas and char , Case II with combustion of bio oil and char and case III with direct combustion of green waste for heat and power production only. Sensitivity analysis has also been conducted to check the effect on thermodynamic performance by varying the pyrolysis plant capacity and by changing the initial moisture content of feed prior to pyrolysis process. 
Pinch Analysis
Though energy integration is vital for thermochemical processes to improve the overall efficiency, pyrolysis is an energy intensive process and requires certain amount of heat to fulfil the drying load and heat required for pyrolysis to run the stable process. The mass and energy balance calculations was performed taking into consideration the possibility of heat and power production using pinch analysis. Pinch analysis provide a systematic and rigorous approach for efficient energy utilization and integration [22] . Heat flow and temperature data were collected for streams that require heating, streams that require cooling, flue gases and utilities like water and steam. A composite curve representing heat flow and temperature was formed for all these streams to estimate the DTmin and pinch point for energy integration. DTmin is the minimum approach temperature in the heat integration network and allows the determination of how close these hot and cold streams can be pinched without violating the law of thermodynamics.
Processes and streams that required heating and cooling were identified within the model and FORTRAN subroutines were used to fulfil the heat demand of the process before utilizing the excess heat for heat and power generation. The amount of feed water in the steam turbine Rankin cycle is varied in the Aspen model in order to close the overall heat balance.
Thermodynamic performance
Thermodynamic performance of the whole integrated process is estimated in terms of overall energy, exergy and chemical efficiencies defined by following equations [23] .
Δh and Δk are the lower heating and exergy values for specific components, m is mass flow rate of respective components with subscript daf shows the dry ash free feed, P is the electric power while Eq and QThermal are heat and its exergy value. The chemical exergy values for pyrolysis products and biomass can be found in [24] . Physical exergy value of thermal streams is calculated by using the enthalpy and entropy values generated by Aspen Plus model by following relation [24] :
Where h and s denotes specific enthalpy and subscript 0 denotes the values at reference temperature (20 °C. The overall energy and exergy efficiencies gives the physical measure of energy conversion for whole or individual processes. Chemical efficiency is calculated to assess the value of products with the prospect of their use in alternate and competing processes for conversion to other energy products or services. To calculate the chemical efficiency the net electric power and cogenerated heat is substituted to equivalent amount of methane. Power generation is represented by natural gas combined cycle, and heat by electric heat pumps, with exergy efficiency of = = 55 % for both processes [23] . Table 2 . Main inputs and assumptions used in the simulation [13] , [10] , [11] .
Unit operations Description Key inputs and assumptions
Green waste
The green waste for pyrolysis 10000 tonnes per year Grinding Particle size reduction to < 2mm 
Base case simulation results
The results for the simulation of both processes are shown in the Table 3 and 4. The fast pyrolysis at 500 °C , resulted in 51% bio oil, 17.6% bio char and 15% syngas. A large amount of heat is required to run the pyrolysis process as 0.219 MWh/MWh dry biomass (1.8 MJ/kg of feed), which is in accordance to results found in [25] . Air drying at 200 °C requires 0.043 MWh/MWh dry biomass. Regarding the effect of bio char addition on the methane production and digestion process, the simulation results shows an approximately 7% increase in efficiency of anaerobic digestion -pyrolysis combined process by assuming 5% increase in methane content.
Different cases are also simulated to estimate the utilization of the various pyrolysis products (Table 4) . Case: I by combusting syngas to fulfil the heat demand of process, case II: by combusting bio oil for heat demand and case III tells the utilization of green waste if it would not be subjected to pyrolysis and used in waste incineration based CHP process as it is. All three cases has been simulated and all scenarios shows high overall efficiency as compared to standalone anaerobic digestion process efficiency i.e. 52%. Pyrolysis with syngas and char combustion gives the maximum overall efficiency while with bio oil combustion more heat and electricity can be produced with the availability of syngas as a fuel which can be further upgraded to methane in final mix.
High chemical efficiency, i.e. 66%, is achieved for the overall process which indicates the amount of fuel that can be utilised for different processing technologies other than electricity and district heat. 
Pinch analysis and optimum heat integration
The energy flows throughout the process without any steam generation are shown as composite curves in Fig  3 (a) . The analysis indicates that the pyrolysis process can be pinched at 530 °C and the heat for drying and endothermal pyrolysis process must be supplied above this temperature. The hot flue gases are used to provide the heat for the pyrolysis reactor. The air for the dryer is heated from the cooling of hot vapours leaving the reactor. A significant amount of sensible heat is available below pinch point, from which 74 % of heat is recovered as electricity and heat as shown in Fig 3 (b) . It is important to note that after extracting the remaining heat from the flue gases the pinch point is shifted to 92 °C , the temperature at which district heat is supplied to community.
From the results it can be concluded that the base case integration design has significant potential for utility reduction and heat integration. The heat integration can also be improved by introducing another low pressure (LP) turbine and extracting the steam from the steam turbine while reheating the steam before entering into the LP turbine.
Sensitivity analysis
Sensitivity analysis has also been performed to check the effect of various parameters on efficiencies. The result of the sensitivity analysis is shown in figure 3 . With the increase of plant scale the efficiencies of the integrated process increases, but the effect on chemical efficiency is more prominent. Which shows the possibility to produce more pyrolysis products (bio oil and syngas) that can be utilized via various pathways as shown in Fig  4(a) . The efficiency declines with increased moisture content of the feedstock after drying. Also, the chemical efficiency here is affected the most because of the increased water content in the bio oil. The high water content results in reduction of heating value of the bio oil. Increasing feed stock moisture content also results in increasing the heat load of the pyrolysis reactor, which eventually effects the final efficiency of the process Fig 4(b) . 
Discussion
The approach to integrate pyrolysis and anaerobic digestion is focused on the possible utilization of pyrolysis products in anaerobic digestion to increase the methane yield and/or productivity. The addition of biochar as a potential for enhancing the biomethane production is included in the simulations in this study. In a recent study by Hübner et al [4] they investigated the effect on biomethane production by digesting the aqueous fraction of bio oil obtained from pyrolysis. They found that pyrolysis conditions and organic fractions of bio oil have a large impact on overall bio methane production. Another possibility of increasing the biomethane content in the final mix of gases from the anaerobic digestion and pyrolysis process is bioconversion of CO and hydrogen to methane in the anaerobic digester. However, the process also has some constraints like solubility of CO in water, which limits the conversion, and the presence of CO also favours the growth of acetogenic and hydrogenic bacteria over methanogenic ones, which ultimately effects the final products. Also, previous studies shows the feasibility of biomethanation under suitable technical configurations. [26] , [27] .
Conclusion
The study shows the preliminary energy evaluation of a bio refinery system to convert different fractions of organic waste to power, heat, and fuel. The conversion system includes the combination of the biological processanaerobic digestion and the thermochemical process-pyrolysis. The results show a net positive energy balance with excess heat and power production. Moreover, the proposed concept also offers flexible options in terms of fuel as liquid or gaseous fuels.
